OBJECTIVE -The aim of this study was to test whether being born small for gestational age (SGA) has an impact on adiponectin and leptin levels and the IGF system in relation to insulin sensitivity, taking into consideration the severity of growth restriction.
C
hanges in the secretion of and sensitivity to the hormones insulin, IGF-1, and IGF-binding proteins (IGFBPs) during gestation or after may be associated with metabolic syndrome in adulthood (1) . The IGF-1 in circulation is bound to the IGFBP-3, which in turn modulates IGF-1 availability. The data generated from studies in IGFBP-3 transgenic mice clearly demonstrate that IGFBP-3 plays a role in glucose homeostasis, possibly by regulating free IGF-1 levels in tissues (2) . Low circulating levels of serum IGF-1 and IGFBP-1 (3) are considered to be implicated in impaired glucose tolerance, elevated blood pressure, and obesity. Low birth weight has been associated with an increased risk of obesity, insulin resistance, and diabetes in adulthood (4) .
Adiponectin, the most abundant of the "adipocytokines," appears to exert antidiabetic, antiatherogenic, and antiinflammatory activities. Low adiponectin levels are observed in the metabolic syndrome and are considered to be an independent risk factor for development of type 2 diabetes later in life (5) . Leptin, which reflects body fat mass, has been thought to play a role in the genesis of metabolic syndrome and cardiovascular disease (CVD). It is thought to be associated with insulin resistance, through inhibition of insulin secretion, and is inversely related to adiponectin levels (6) .
To our knowledge there have been no reports of studies dealing with the relationship between the IGF axis, adipocytokines, and insulin resistance in prepubertal children born small for gestational age (SGA). In this study, we attempted to evaluate serum adiponectin and leptin levels in relation to components of the IGF system and indexes of insulin resistance in healthy prepubertal children born SGA, taking into consideration the severity of growth restriction at birth.
RESEARCH DESIGN AND METHODS -
The study included 57 prepubertal children aged 4Ϫ10 years born either SGA (n ϭ 25) or appropriate size for gestational age (AGA) (n ϭ 32) between April 1997 and December 1998 at the University Hospital of Ioannina, which hosts the majority (Ͼ85%) of births in a well-defined geographical area of northwestern Greece. The anthropometric measures at birth were obtained retrospectively by a chart review. All of the study children were born between the 36th and 40th weeks of gestation, with no evidence of congenital malformations or genetic disorders. The AGA children were matched with the SGA children according to age and sex. All of the subjects selected for the study were to be nonobese, with BMI Ͻ85th percentile, based on growth charts specific for age and sex for Greek
children, to exclude children with an elevated risk factor profile in the higher range of BMI (7) . The Ethics Committee of Ioannina University Hospital approved the study protocol, and informed written consent was obtained from the parents of each child.
SGA was defined as birth weight Ͻ10th percentile for gestational age. The SGA children were divided into two subgroups based on the severity of growth restriction: children with birth weight between the 3rd and 10th percentiles (n ϭ 11) and children with birth weight Ͻ3rd percentile (n ϭ 14). AGA was defined as birth weight between the 10th and 90th percentiles for gestational age.
At the time of the study, BMI was estimated and BMI z scores specific for age and sex were calculated. Body weight, body height, head circumference, and waist circumference as an indicator of central obesity were measured using techniques described previously (8) . Pubertal stage was assessed by physical examination according to the criteria of Tanner staging.
The parent of each child completed a weekly food record for that child, from which total energy intake, proteins, lipids, and carbohydrates were calculated. To estimate the effect of catch-up growth, the SGA children were reclassified into two additional subgroups according to their corrected height standard deviation scores (SDSs): actual height SDS Ϫ midparental height SDS, where midparental height for boys equals father's height ϩ (mother's height ϩ 13)/2 and for girls equals mother's height ϩ (father's height Ϫ 13)/2 (9,10). This gave one subgroup with no catch-up growth (n ϭ 10), comprising children with a corrected height of Ͻ0 SDS, and one subgroup with catch-up growth (n ϭ 15), with a corrected height of Ն0 SDS. SGA infants were also classified into two groups, symmetrical (n ϭ 7) and asymmetrical (n ϭ 18), according to their ponderal index (birth weight [grams] ϫ 100/length at birth in cubic centimeters).
Hormone and biochemical assays Venous blood samples for laboratory analysis were collected between 7:00 and 8:00 A.M., after 12-h overnight fasting. Serum adiponectin levels were measured by an enzyme-linked immunosorbent assay (ELISA) using a kit from Phoenix Pharmaceuticals Inc. (EK-ADI-01; Belmont, CA). The sensitivity of the adiponectin assay was 0.40 mg/l. The intra-and interassay coefficients of variation (CVs) were Ͻ10 and Ͻ15%, respectively. Fasting insulin (I F ) levels were determined with an immunoenzymatic method (AxSYM analyzer; Abbott), and fasting glucose (G F ) concentrations were measured by the glucose oxidase method. I F and the homeostasis model assessment for insulin resistance (HOMA-IR, equal to I F [milliunits per liter] ϫ G F [millimoles per liter]/ 22.5) were chosen as measures of insulin sensitivity (11) . The IGFs and their binding proteins were determined by ELISA using kits from Diagnostic Systems Laboratories. The sensitivities for IGF-1, free IGF-1, IGFBP-1, and IGFBP-3 were, respectively, 0.01, 0.02, 0.025, and 0.04 g/l. The intra-and interassay CVs were 4.5 and 6.0% for IGF-1, 3.6 and 10.1% for free IGF-1, 2.5 and 6.8% for IGFBP-1, and 9.5 and 10.4% for IGFBP-3. Serum leptin levels were measured by the ELISA method using a kit from BioVandor Laboratory Medicine (Modrice, Czech Republic). The sensitivity of the leptin assay was 0.50 g/l. The intra-and interassay CVs were 5 and 10%, respectively. Lipids were analyzed in the Olympus AU 640 automatic analyzer (Olympus Diagnostica, Hamburg, Germany). LDL cholesterol was calculated using the Friedewald formula.
Statistical analysis
Results are reported as means Ϯ SD and range (minimum and maximum values). The Mann-Whitney U test or Student's t test was used for variables displaying nonnormal or normal distribution, respectively. Simple linear regression analysis was used to identify possible correlations between variables. Statistical analyses were performed using the StatView software package of SAS Institute (Cary, NC). Differences were considered statistically significant at P Ͻ 0.05.
RESULTS -The retrospective analysis of the hospital neonatal records identified 70 children born SGA during the 20-month period, of which 47 were eligible to participate in the study and had adequate perinatal information about gestational age, birth weight, and possible risk factor for growth restriction. A further 22 children were eliminated: for 6 contact details were inadequate; for 5 the parents did not give consent; for 6 the serum specimens were inappropriate; and for 5 BMI was Ͼ85th percentile. The remaining 25 SGA children were enrolled in the study. Risk factors for growth restriction had been detected in 17 of the 25 SGA children, with hypertensive disease of pregnancy being the most common (9 of 17), followed by placental insufficiency (3 of 17), low maternal weight gain during pregnancy (3 of 17), and multiple gestation (2 of 17) . SGA with risk factors for growth restriction were distributed equally in the Ͻ3rd percentile subgroup (n ϭ 10) and the 3rd-10th percentile subgroup (n ϭ 7) (NS). The 32 matched control subjects were selected from a sample of 165 AGA children born at the hospital during the same period who were initially contacted. All of the study children were at Tanner stage I. No differences were found in mean intake of calories, protein, lipids, and carbohydrates between the SGA and AGA groups, which were well within the European recommended dietary allowances for sex and age (http:// www.euro.who.int/Document/WS_115_ 2000FE_A.pdf). The mean daily calorie intakes were 1,430, 1,450, and 1,470 kcal/day in the AGA, SGA Ͻ3rd percentile, and SGA 3rd-10th percentile groups, respectively (NS).
Mean Ϯ SD values for the anthropometric indexes of the subjects at birth and in the study period are depicted in Table  1 . Children born SGA Ͻ3rd percentile had lower body height (P Ͻ 0.05) and waist circumference (P Ͻ 0.01) than the AGA children ( Table 1) .
The G F levels were similar in all groups and subgroups (Table 2 ), but in the pooled SGA children the I F concentrations and the HOMA-IR values were significantly higher than those in the AGA children (P Ͻ 0.05). These differences were due mainly to the differences observed between the 3rd-10th percentile SGA subgroup and the AGA group. Serum IGF-1 concentrations were lower in the pooled SGA group (P Ͻ 0.05) and in both SGA subgroups than in the AGA group, whereas free IGF-1 showed no difference between groups ( Table 2 ). The IGFBP-3 levels were also lower in the pooled SGA group (P Ͻ 0.001) and the two subgroups compared with the AGA group ( Table 2) . IGFBP-1 circulating levels were significantly higher only in the SGA Ͻ3rd percentile subgroup (P Ͻ 0.05) compared with the AGA group (Table 2) .
In the SGA Ͻ3rd percentile subgroup, adiponectin concentrations were significantly higher than those in the AGA group and the SGA 3rd-10th percentile subgroup (P Ͻ 0.05) ( Table 2) . Leptin concentrations did not differ significantly between groups, but there was a tendency for these to be higher in the SGA 3rd-10th percentile subgroup than in the AGA group (Table 2) . No significant difference was observed in the serum total cholesterol, HDL cholesterol, LDL cholesterol, and triglyceride levels among the pooled SGA group or their two subgroups and the AGA control group (Table 2) .
In the pooled SGA group adiponectin was found to be negatively associated with BMI, waist circumference, body weight and body height, IGF-1, and free IGF-1 (Table 3 ). In the AGA group, only waist circumference was negatively associated with adiponectin. No correlation with the other parameters was observed. A positive association of leptin with the insulin resistance indexes I F and HOMA-IR, BMI, and waist circumference was found in both the pooled SGA and the AGA children. A negative association between leptin and adiponectin was seen only in the pooled SGA group (Table 3) . In addition, circulating IGFBP-1 levels and free IGF-1 concentrations were found to be inversely correlated in the pooled SGA group only (R ϭ Ϫ0.72, P Ͻ 0.0001).
SGA children were further analyzed according to catch-up growth. The two subgroups, with and without catch-up growth, did not differ for age or sex. Eight Table 2 Data are means Ϯ SD (ranges). *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 for comparison with the AGA group. †P Ͻ 0.05 for comparison between the SGA 3rd-10th percentile and the SGA Ͻ3rd percentile subgroups. After taking into consideration proportionality in the SGA children, the only difference found was the lower IGF-1 and IGFBP-3 levels in both subgroups, symmetrical or asymmetrical SGA, compared with the AGA group. No distinct differences in any other of the parameters examined were found, either between the two SGA proportionality subgroups or between the subgroups and the AGA group. Four asymmetrical SGA children had birth weight Ͻ3rd percentile and three had birth weight between the 3rd and 10th percentile.
CONCLUSIONS -Reduced plasma IGF-1 and IGFBP-3 levels are reported in insulin-dependent diabetes and may represent a state of partial growth hormone resistance in patients with poorly controlled diabetes (12) . Low serum IGF-1 levels are also associated with the development of CVD and are considered to reflect a higher risk for insulin resistance and later appearance of diabetes (1) . In the present study, IGF-1 and IGFBP-3 were found to be lower and I f and the HOMA-IR index were higher in the pooled SGA group than in the AGA children in the prepubertal phase. These differences were more pronounced in the SGA children born between the 3rd and 10th percentiles. IGF-1 is believed to have insulin-like actions in fine-tuning insulin sensitivity (2) . The effects of IGF-1 on increasing insulin sensitivity have been demonstrated in normal subjects during euglycemic clamps (13) . Hence, the lower total IGF-1 levels seen in the SGA 3rd-10th percentile study group could be responsible for the higher I F levels found with normal fasting glucose levels. The lower IGF-1 levels could be a factor for an increased risk of development of diabetes in later life.
Higher insulin concentrations at baseline were also observed in a study of 25-year-old subjects born with intrauterine growth retardation (14) . An oral glucose tolerance test for those subjects showed that there was decreased insulinstimulated glucose uptake, leading to the suggestion that intrauterine growth retardation exerts an independent effect on insulin sensitivity (14) . Although glucose tolerance tests were not done in the present study, the higher I f levels and HOMA-IR with G F similar to those for AGA children may suggest an early start of insulin resistance in the SGA study children, especially in the 3rd-10th percentile subgroup.
IGFBP-1 concentrations showed no differences between the AGA group and the SGA 3rd-10th percentile subgroup but were higher in the SGA Ͻ3rd percentile subgroup. There is experimental evidence that IGFBP-1 can finely regulate bioactivity of IGF-1 and is involved in glucose homeostasis (2, 13 ). An inverse relationship between IGFBP-1 and free IGF-1 has been reported in normal human subjects and was found in the pooled SGA group of the present study, although free IGF-1 levels were not higher in the SGA Ͻ3rd percentile subgroup, whereas their glucose and insulin levels were comparable with those of the AGA group. The higher IGFBP-1 levels in the SGA Ͻ3rd percentile subgroup might be a protective factor for diabetes, whereas this may not be so for the SGA 3rd-10th percentile subgroup, which also had higher I F levels. The SGA Ͻ3rd percentile children had lower waist circumference, which may mean that they had a leaner stature than the AGA children, thus having an additional protecting factor, because waist circumference is regarded as an index of abdominal fat and the degree of central obesity (7) and has been associated with insulin sensitivity. Those children were also shorter. Lower height has been associated with higher IGFBP-1 in studies with adults (15) .
Adiponectin has been reported to be closely related to insulin sensitivity (5, 16, 17) . Yamamoto et al. (17) observed in adults that when adiponectin levels Correlations between adiponectin or leptin and growth factors, anthropometric parameters, or insulin sensitivity 
were high, insulin resistance was low. In addition, strong inverse correlations between adiponectin levels and BMI or waist circumference have been reported in adults (16, 17) . In the present study, an inverse correlation of adiponectin with waist circumference was found both in the pooled SGA group and in the AGA group, indicating a strong relationship between this protein and abdominal fat or central obesity, independent of birth weight. However, the inverse relationship of adiponectin levels with BMI, body weight, and body height that were observed only in the pooled SGA group may be explained by differences in the growth process in SGA children. The lower adiponectin concentrations in the SGA 3rd-10th percentile subgroup in relation to the SGA Ͻ3rd percentile subgroup may be due to their differences in height and waist circumference. The fact that the subgroup of SGA Ͻ3rd percentile children, which had higher IGFBP-1 levels, was also found to have higher adiponectin levels than the AGA control children may reflect their capability to maintain higher insulin sensitivity than the SGA 3rd-10th percentile subgroup. These findings could be interpreted as additional protective factors for this subgroup with respect to insulin resistance. With regard to leptin, there was a tendency for higher levels in the pooled SGA group and even more so in the SGA 3rd-10th percentile subgroup, but the differences from the AGA group were not statistically significant. It appears that this hormone is related mainly to current weight rather than the SGA status at birth, and a very strong relationship was found in both the AGA and the SGA study groups between leptin levels and current BMI.
Catch-up growth has been postulated to be associated with insulin resistance and increased risk for type 2 diabetes (18, 19) . To clarify the effects of catch-up growth in the SGA children of the present study, an analysis was made after classifying SGA children into two subgroups according to catch-up growth in height. Children without catch-up growth had higher levels of adiponectin and IGFBP-1 compared with the AGA children, implying that this subgroup of SGA children may have higher insulin sensitivity than the SGA subgroup who exhibited catch-up growth and who had adiponectin levels comparable to those of the control subjects. These results are in agreement with those reported for prepubertal SGA children, in whom a hyperinsulinemic-euglycemic clamp study was performed to determine insulin sensitivity (18). Cianfarani et al. (10) estimated catch-up growth by calculating the corrected height and Lopez-Bermejo et al. (20) by considering the BMI SDS. Both reported higher adiponectin levels in SGA groups not experiencing catch-up growth in height or BMI, respectively (10, 20) , which is in agreement with the findings of the present study. The trend for higher leptin levels in the SGA subgroup who exhibited catch-up growth is in agreement with the findings of other studies, which showed that catch-up growth after intrauterine growth retardation was associated with increased leptin levels (21) .
Fasting insulin and leptin levels have been reported to correlate inversely with IGFBP-1 (22) . One of the suggested mechanisms is that higher body fat could lead to elevation of leptin and insulin resistance and to a secondary hyperinsulinemia, which in turn suppresses the IGFBP-1 levels (22) . This appears to apply in the SGA 3rd-10th percentile subgroup. Inverse correlation between leptin and IGFBP-1 or adiponectin was also found in the pooled SGA group. In addition, an inverse relationship was observed between leptin and adiponectin in the pooled SGA group. The lower adiponectin and higher leptin levels found in the SGA 3rd-10th percentile subgroup in comparison with the SGA Ͻ3rd percentile subgroup suggest additional factors for insulin resistance in this subgroup. Thenola et al. (23) reported that SGA children at the age of 12 years had levels of total cholesterol in the high normal range, whereas other researchers found no difference in the lipid profile in 10-year-old SGA children, in accordance with our results (24) .
The classification of the SGA children into subgroups according to the severity of growth restriction, as was done in the present study, appears to unveil distinctive differences, both between the subgroups and in comparison with the AGA control subjects, with regard to most of the parameters examined. A further classification according to the catch-up growth pattern revealed distinctive differences only in adiponectin and IGFBP-1 levels between the two groups of SGA and the AGA children. Some investigators support the hypothesis that hyperinsulinemia precedes the development of insulin resistance and perhaps even the development of obesity (25) . If this hypothesis proves correct, the hyperinsulinemia observed in the SGA 3rd-10th percentile subgroup is an early predictor for development of insulin resistance and for the subsequent development of diabetes. Thus, SGA children with birth weight between the 3rd and 10th percentiles with catch-up growth in height appear to be at a greater risk for insulin resistance, with adverse consequences for their later life. However, the possibility that this subgroup of SGA children may exhibit later adaptation against insulin resistance, i.e., a rise in adiponectin, that the more severely growth-restricted children exhibited earlier in life cannot be excluded. Until more data are available, continued long-term monitoring is necessary for both subgroups of SGA children.
In summary, the mechanism for developing an abnormal metabolic profile and the appearance of insulin resistance are complex processes and may be of various etiologies in the different subgroups of children born SGA. Intrauterine programming of the adipose tissue and the IGF axis could influence insulin sensitivity and consequently the risk of metabolic syndrome and CVD. Catch-up growth in height also appears to play a role in modulating the metabolic profile even at prepubertal age.
